The performance of Li-ion batteries relies heavily on the capacity and stability of constituent electrodes. Recently synthesized 2D silicene has demonstrated excellent Li-ion capacity with high charging rates. To exploration of the external influences for battery performance, in this work, first-principles calculations are employed to investigate the effect of external strain on the adsorption and diffusion of Li on monolayer silicene. It is found that tensile strain could enhance Li binding on silicene.
Introduction
The increasing applications of lithium ion batteries (LIBs) in portable electronic devices and electric vehicles, have prompted considerable research efforts to develop new electrode material with high energy capacity. 1, 2 Silicon-based materials have recently attracted a lot of attention as promising candidate for anode material of next-generation LIBs, because Silicon (Si) has extremely high theoretical lithium (Li) capacity (4200mAh/g), which is about ten times as large as that of graphite (372mAh/g). [3] [4] [5] However, the high capacity of Si is generally associated with serious volumetric expansion (~400%) upon lithium insertion, which cause a rapid decay of 4 Si electrode performance during charging/discharging cycle. 6, 7 In order to improve this problem, a number of methods have been put forward in theory and experiment, such as through Si structural modification: porous structure, 8, 9 nanowires 10-12 and nanoparticles, 13 et al.
Most recently, silicene, a novel graphene-like allotrope of silicon has been successfully synthesized on various metal substrates such as Ag, Ir and ZrB2. [14] [15] [16] [17] Similar to graphene, silicene provides a large surface area for adsorption and migration of Li. Theoretical studies have shown that the binding energy between Li and single-layer silicene is ~2.2 eV per Li atom while the barriers for Li diffusion are less than 0.4 eV, 18, 19 much lower than that of Li diffusion on graphene. 20, 21 Moreover, in contrast to crystalline silicon, silicene does not suffer from irreversible structural changes during lithiation and delithiation cycles and the associated change in the effective volume is small. 18 Thus, silicene provides promising candidate materials for the electrodes of Li-ion batteries. Although silicene can overcome the structural failure of active electrode materials to some extent, it undergoes some deformation in the silicene plane. Moreover, strain in nanomaterials has a great impact on the Li storages due to volume change. However, the characteristics of Li adsorption and diffusion on silicene under external strain, which are especially important for battery performance, are still not investigated. Thus, in order to evaluate this effect, we pursue theoretical analysis for some insights into the energy barriers and adsorption energy during Li diffusion on silicene.
In this work, we present a series of atomistic simulations to study Li binding and 5 diffusion in strained silicene by using first-principles calculations, which is a powerful method to investigate Li diffusion in electrode materials. [18] [19] [20] [21] [22] Two diffusion pathways are considered, Li diffusion parallel to pristine silicene and through a silicene sheet.
For the most stable Li adsorption sites, the effect of strain on the Li adsorption energy is also evaluated. In addition, by means of energy barriers, the lithium diffusion kinetics is explored under different strains.
Computational methods
In our studies, all the calculations are performed within the framework of unrestricted spin-polarized DFT, implemented in the Dmol3 code. [23] [24] [25] The PerdewBurke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) is used as the exchange correlation functional. 26 The all-electron calculations and a double numerical basis set plus polarization functional (DNP) are adopted. To analyze the stability of Li adsorbed on silicene, the binding energy (Eb) of a lithium atom with the pristine and stained silicene substrates are given by
where ELi+strained is the total energy of the adsorption system of the silicene, Estained is the energy of silicene, and ELi is the energy of an isolated Li atom.
In searching the diffusion transition state (TS), a linear synchronous transit (LST)
is carried out and the conjugated gradient minimizations and quadratic synchronous transit (QST) maximizations 29 are then repeated until a TS structure has been determined. All determined TS structures are validated and the diffusion paths are found using the nudged-elastic-band method. 
Results and discussion

Effect of strain on Li adsorption
To analyze the adsorption of Li atom on silicene, we consider four typical sites with high symmetry: the site on the top of a Si atom in higher plane (T), the site on the top of a Si atom in lower plane (V), the site at the midpoint of a Si-Si bond (B), and the site in the center of a hexagon (H). The corresponding sites are shown in Figure 1 . After full relaxation, the H site of silicene is the most stable adsorption 7 position, where Li resides above the center of the hexagonal silicene ring and it has three nearest neighbor Si atoms. The corresponding binding energy is -2.41 eV, which is agreed with other previous works. 18, 19, 22 The second favorable adsorption site is the valley (V) site on top of the lower silicon atoms with the binding energies of -2.02 eV.
In this configuration, the silicon atom directly below the adatom undergoes a great displacement towards the outside of the plane due to the electrostatic repulsion, as shown in Figure 2 For practical application of electrode material for LIBs, the effect of strain on the binding of Li atom on silicene is examined. The in-plane biaxial tensile strains are imposed on silicene, achieved by enlarging the lattice constants. The strain is set from 0 to 10% every 2% was applied to the silicene model, which is within the affordable range of materials strength of silicene. 32, 33 Here the strain is defined as ε = (ɑ-ɑ0)/ ɑ0 = Δɑ/ɑ0, where ɑ0 and ɑ are the lattice parameters of the unstrained and strained supercell, respectively. As strain increasing, it is found that all Li atoms can stably adsorb on the H site of silicene. Specifically, it is noted that when the strain is upon 6%, lithium atom at the V site or T site cannot be stably adsorbed and would automatically transfer to the H site. Taking Li adsorption at the V site as an example, when tensile strain increases, more charge transfer from Li atom to silicene. 
Effect of strain on Li diffusion
The performance of silicene used in LIBs relies heavily on the diffusion properties of Li atom. It has been reported that the pristine silicene have a rather low diffusion barrier for Li atoms. We have re-calculated three diffusion paths connecting 13 Li in neighboring H sites on unstrained silicene. Paths I and II pass on top of Si atoms in the lower and upper sublattice, respectively, while path III directly connects the initial and final H sites. Path I is found to result in the lowest diffusion barrier of 0.27 eV as shown in Figure 6 , which is lower than the diffusion barrier of 0.327 eV for a lithium atom migrating on pristine graphene. 20, 21 . Considering the difference in lithium concentration, our calculated diffusion barrier agrees well with the theoretical result obtained by Tritsaris et al. 18 To evaluate the effect of the strain on the diffusion of Li atom on silicene, we also performed the LST/QST calculations at the same sites obtaining the optimized Li atom migration pathways and migration energy barriers.
The variation of the Li atom migration energy barriers with strain are summarized in Table 1 to reveal the change rule of strain effect on the Li atom migration process. It can be observed that the energy barrier of Li migration is affected very little by strain which slowly declines on the strains ε range. Still, a smaller driving force should be needed to facilitate Li migration parallel to the silicene sheet. In contrast to the little effect on the energy barrier, we find that the pathways have significantly changed by comparing the Li atom migration path under strain 4% before and after. We respectively given the optimized migration pathway and energy profile with strain 4%
and 6% in Figure 7 . It is found that when the strain is small, Li atom diffusion pathway follows the way it migrates parallel the pristine siliene (H→V→H). After the strain continually increases, Li atom directly moves from one stable H site to the nearest H site with the saddle point bridge site which is similar to the pathway of Li migration on graphene. 20 This is due to the strain makes the original adsorption 14 configurations change, thus the following migration channel alters. As strain increases, Li atom at the top of the Si atom would automatically move to the nearest center of hexagon in silicene and the degree of buckling of silicene becomes lower. The migration process will be as far as possible to select the path of the lower barrier.
Thus, the migration path of Li stom will change with the strain. The effect of strain on Li diffusion through silicene is also explored. In fact, a lithium atom moves along a straight pathway from one side of silicene to the other side is much easier than that diffusion through a graphene sheet, however, it still need a barrier of 1.37 eV (Figure 8 ). It can be observed in Table 1 The electronic conductivity of electrode materials is also an important essential character. A high rate electrode material of LIBs needs to possess good conductivity.
To further understand the strain effect on conductivity of Li-silicene, we summarized their electronic properties with and without strain in Table 2 . As previous studies, a semimetal-metal transition occurs when an in-plane strain larger than 7.5% is applied in silicene. 33, 34 In our work, a similar result has been observed, that when the external strain imposed on silicene increases to 8%, its semimetal character changes to metal character. The projected density of states (PDOS) of unstrained Li-silicene is first calculated and shown in Figure 9 . It is found that after Li atom adsorption, semimetallic silicene becomes metallic due to the donation of ~0.243 e charge from Li into the silicene conduction band. Here, in accordance to the strong interaction, the Fermi level (EF) is shifted by ~0.2 eV. The peak appeared in the vicinity of 0.4 eV above EF is attributed to Li atom adsorption bands formed by the hybridization of adsorbate-s states with the silicene-p states. From Figure 10 , when 2% or 10% tensile strain is applied, the metallic property of Li-silicene is not influenced. However, the conduction band minimum at Γ point (CBM-Γ) with respect to the Fermi level decreases as increasing the tensile strain due to the elongation of the bond lengths.
35 Table 2 . Band gaps of silicene and Li adsorbed silicene with and without strain. 
Conclusions
For silicene modified electrode materials in lithium-ion batteries, silicene would experience considerable tensile strain because of the expansion of the electrode during Li intercalation. Therefore, here we have revealed the role of strain in the Li adsorption and diffusion of silicene from first-principles calculations. Our results
show that biaxial strain facilitates Li adsorption at hollow sites due to increased charge transfer between Li and silicene which indicates that the Li storage and capacity of silicene could be increased under even high strain. Besides, the diffusion of Li on silicene becomes easier by strain, especially for Li diffusion through the sheet. Our results indicate that silicene has great potential as electrode materials used in LIBs with high stability and fast cycling rate.
